The kinetics of these reactions are not well understood in spite of the considerable amount of work, recently reviewed by Warner (1943), to which the industrial importance of the system has led. With two possible primary reactions, every product of which may enter into a secondary reaction, very carefully chosen conditions are necessary if the kinetic scheme is to be elucidated. This requirement has not often been met in investigations concerned largely with specific technical problems. As a first step in what is planned as a comprehensive study of all the separate reactions, a general survey of their kinetic relationships at a given temperature is described in this paper.
The reactions which may occur in the steam-carbon system are the following: The kinetics of these reactions are not well understood in spite of the considerable amount of work, recently reviewed by Warner (1943) , to which the industrial importance of the system has led. With two possible primary reactions, every product of which may enter into a secondary reaction, very carefully chosen conditions are necessary if the kinetic scheme is to be elucidated. This requirement has not often been met in investigations concerned largely with specific technical problems. As
O u t l i n e o f m e t h o d
A flow method is used in which a stream of gas is passed through a vertical column of granular charcoal kept at a known temperature. The partial pressures of all the gases present and the total rate of flow are controlled and varied separately, the total pressure being maintained a t atmospheric by the use of nitrogen as an inactive carrier gas. The rate at which each separate product emerges from the charcoal column is measured. To elucidate the kinetics, the conditions are chosen so th at one particular reaction predominates and interference by the other possible reactions is reduced to a minimum. This can be done by careful choice of the initial partial pressures and total rate of flow and by use of the fact th at the steam-carbon and carbon dioxide-carbon reactions can largely be suppressed by hydrogen. The inter pretation is further simplified by working with a large total rate of flow, so th at only a small fraction of the reactant is consumed and consequently the partial pressure of the reactant and the total rate of flow are approximately uniform throughout the column.
Two types of active charcoal prepared by carbonization and steam activation, one from coconut shell and the other from briquetted coal, are used. Both are ordinary commercial samples containing small percentages of inorganic impurities which are known to affect the rate of reaction (Taylor & Neville 1921) . This impure form of carbon is studied on account of its similarity to the material used industrially and its ready availability in large quantities. The general form of the results, however, is the same for the two different types of charcoal and is therefore probably of general significance and not dependent on the impurity content. All the results are obtained at 700° C for the nut charcoal and at 800° C for the coal charcoal, at w hich temperatures the rates of reaction for the two materials are comparable. The difference in reactivity of the two materials is probably due to their different impurity contents, since their surface areas are both of the order of 106 cm.2/g. (Kipling, unpublished work) .
Previous outgassing of the charcoal is unnecessary. The gas stream is passed over the charcoal until the rate of reaction reaches a steady value; then, with the total rate of flow constant, the partial pressure of a given gas is changed and the rate of reaction again measured when a newr steady state has been reached. Fifteen minutes is sufficient for the steady state to be reached. To allow for the gradual change in the mass of charcoal present, the rate of reaction for a given composition of the gas stream is measured a t least twice during each experiment, and by interpolation the results are adjusted to refer to 30 g. of the initial 35 g. of charcoal. Unless otherwise stated, the total rate of flow is 1200 c.c./min., measured at 20° C and 760 mm.
E x p e r i m e n t a l t e c h n i q u e
35 g. of charcoal, sieved 8-10 B.S.S., occupy 10 cm. of a long vertical silica tube of diameter 3*1 cm. heated in an electric furnace A (figure 1). The temperature at the mid-point of the charcoal column is controlled to within ± 1° C by means of a thermocouple in conjunction with a potentiometer, a mirror galvanometer and a relay operated by a photocell. I t has since been discovered, however, th at with an endothermic reaction and a flowing gas stream the temperature may not be uniform throughout the reaction zone. Subsequent measurements have shown th at the variation of temperature at any other point may have been as much as ± 3° C and the range of temperature over the whole column as much as 15° C. Although the rates of these reactions change by about 2 % per ° C, it is thought th at the general form of the results will not be appreciably affected. This has been confirmed by a more precise and more thorough investigation now in progress, in which not only the temperature at a point, but also the distribution of the temperature in space, is controlled automatically.
The kinetics of the reactions of the steam-carbon system The steam is generated in a calibrated boiler B, the rate of flow being controlled by the electric heating current. The other gases are obtained from cylinders and their rates of flow are measured by capillary tube flowmeters C, each calibrated for the particular gas used. All rates of flow are known to within ± 1 %. The only signi ficant impurity, oxygen in the nitrogen, is removed by red-hot copper.
The rates of reaction are measured by diverting the gas stream for a known time through an analysis apparatus in which the products of reaction can be* absorbed and weighed in detachable units. Carbon dioxide is absorbed by sofnolite (activated sodalime) followed by calcium chloride* to take up the water formed. Carbon monoxide is first oxidized by air over hopcalite at 100° C and then absorbed by sofnolite. Each unit consists of a U-tube followed by a separate guard tube, fitted together and to the apparatus by ground-glass joints. For the steam-carbon reaction, the gas stream normally passes to waste through T4, the steam having been removed by the condenser D and the calcium chloride tube E. To measure the rate of reaction the gas stream is diverted for a known time by T4, the carbon dioxide being deter mined in F, the carbon monoxide oxidized in G and absorbed in H. Gas remaining in the dead space after Tx has been returned to its normal position is swept into the absorption units by a stream of dry, carbon dioxide-free air from T5. Any water formed by the oxidation of hydrogen by the hopealite is removed by a calcium chloride tube between G and H. From the rates of flow of the gases, the stoichio metric equations and the estimations of carbon dioxide and carbon monoxide, complete information about the gas stream leaving the furnace is obtained. The same procedure is used for the carbon monoxide-steam reaction, the carbon dioxide alone being determined. For the carbon dioxide-carbon reaction, the gas stream normally passes to waste through D, E and T3, the rate of formation of carbon monoxide being measured by the diversion of the gas stream by Tx for a known time. The carbon dioxide is then removed by sodium hydroxide solution in I and sofnolite followed by calcium chloride in J , the carbon monoxide being determined in H after oxidation in G. The dead space is swept out by nitrogen from T2. The procedure for the carbon dioxide-hydrogen reaction is similar. Tx is again the controlling tap, the steam formed is determined in K , the carbon dioxide removed in I and J and the carbon monoxide determined in H. The extra pressure introduced by the diversion of the gas stream for analysis is balanced by the air pump L. The accuracy of the rate measurements is within 1 %, the time of absorption being several minutes and the increase in weight, determined to within 0*001 g., being not less than 0*100 g. When steam is the chief constituent of the gas phase, comparable amounts of carbon monoxide and carbon dioxide are formed by the primary reaction of the steam with the carbon and by the water-gas reaction (equation (3)). The carbon dioxide-carbon reaction can be neglected, since under comparable conditions it is slower than the steam reaction by a factor of about three, and here the partial pressure of carbon dioxide is small compared with th at of steam; it is, moreover, retarded by the hydrogen present. The sum of the rates of formation of carbon monoxide and carbon dioxide is therefore equal to the total rate Of reaction of the steam with the carbon and is the quantity recorded here as the rate of reaction. No hydrocarbons could be detected with a Bone and Wheeler gas analysis apparatus.
The effect of steam. The apparent order of reaction with respect to steam is deter mined by varying the partial pressure, the rates of flow of steam and nitrogen being chosen so as to keep constant the total rate of flow. In figure 2 the rate of reaction is plotted against the initial partial pressure of steam. The reaction of both charcoals is of a similar fractional apparent order with respect to steam over the pressure range mm. An apparent and not the true order of reaction is obtained since, although the fraction of steam reacting is small, the partial pressures of the products present are proportional to the rate of reaction. Since the reaction is retarded by hydrogen, the true order of reaction is greater than the apparent order under these conditions. The effect of hydrogen. Hydrogen a t various small partial pressures is added, the rate of flow of nitrogen being adjusted so as to keep constant the partial pressure of steam and the total rate of flow. Figure 3 , where the rate of reaction is plotted against the initial partial pressure of hydrogen, shows th at the reaction of both types of charcoal is strongly retarded by hydrogen.
The kinetics of the reactions of the steam-carbon system
The effect of carbon monoxide. The results of analogous experiments with carbon monoxide are shown by the experimental points on the left-hand side of figure 4. The slight decrease in the rate of reaction is not a direct effect of the carbon monoxide introduced. Increase of the partial pressure of carbon monoxide increases the rate of formation of carbon dioxide and hydrogen from carbon monoxide and steam. The retarding effect of this increased partial pressure of hydrogen is shown by the curves themselves, which are calculated from the observed relation between the rate of reaction and the average partial pressure of hydrogen (figure 10). The agree ment between the calculated curves and the experimental points shows th at the decrease in the rate of reaction on the addition of carbon monoxide is accounted for entirely by the extra hydrogen formed in the water-gas reaction. For neither type of charcoal therefore is the rate of reaction appreciably affected by carbon monoxide.
The effect of carbon dioxide. The results of analogous experiments with carbon dioxide are shown on the right-hand side of figure 4. The rate of reaction of nut charcoal is not appreciably affected, and the slight increase in the rate of reaction of the coal charcoal can be accounted for by the carbon dioxide-carbon reaction.
The composition of the product. The results recorded in table 1 are qualitatively in good agreement with the usual assumption th at the carbon dioxide is formed secondarily from carbon monoxide and steam and with the results obtained in this investigation for the kinetics of the secondary reaction. Carbon monoxide is far in excess of the equilibrium value, and since the water-gas reaction is of nearly the first order with respect to this gas, the fraction of it converted to dioxide will be approxi mately independent of its partial pressure. The effect on the composition of the product of increase in the partial pressure of steam is the resultant of two opposing influences: on the one hand the water-gas reaction is accelerated, though in less than direct proportion, and, on the other hand, it is retarded by the extra hydrogen formed in the primary reaction. The slight increase in the fraction of carbon dioxide formed for the nut charcoal and the decrease for the coal charcoal are consistent with the respective slight and considerable retardation by hydrogen of the watergas reaction on those materials. The result of increasing the partial pressure of hydrogen is consistent with its effect on the water-gas reaction. The fraction of carbon dioxide calculated by numerical integration from the rate expressions for reactions 1 and 3 is smaller than the observed fraction by 11 % of the total oxides of carbon for the coal charcoal and by 24 % for the nut charcoal. On account of experimental difficulty, however, this result is only a rough one. I t gives an upper limit only for the possible primary carbon dioxide, which is thus shown to be small and may in fact be negligible.
(
2) The carbon dioxide-carbon reaction
This reaction can be studied without interference by any of the others. Although it does not contribute appreciably to the steam-carbon system as a whole, its in vestigation is a necessary preliminary to th a t of the water-gas reaction. On account of their formal similarity, a comparison of the reactions of steam and of carbon dioxide with carbon might be expected to throw some light on their mechanism. The results given below are obtained with the coal charcoal; the kinetics of the reaction with nut charcoal, which are of the same general form, are being studied in a more accurate and more complete investigation now in progress.
The effect of carbon dioxide. The apparent order of reaction with respect to carbon dioxide is determined by varying the partial pressure, the rates of flow of carbon dioxide and nitrogen being chosen so as to keep constant the total rate of flow. The rate of reaction, defined for comparison with the steam reaction as one-half the rate of formation of carbon monoxide, is plotted against the initial partial pressure of carbon dioxide on the left-hand side of figure 5. The reaction is of a fractional apparent order with respect to carbon dioxide over the pressure range 50-500 mm., and comparison of figures 2 and 5 shows th at it is slower than the steam reaction by a factor of about three. The true order of reaction is greater than the apparent order obtained under these conditions, since although the fraction of carbon dioxide reacting is small, the partial pressure of carbon monoxide which retards the reaction is proportional to the rate of reaction. The effect of carbon monoxide. Various small partial pressures of carbon monoxide are added, the rate of flow of nitrogen being changed so as to keep constant the partial pressure of the reactant and the total rate of flow. The right-hand side of figure 5, where the rate of reaction is plotted against the initial partial pressure of carbon monoxide, shows th at the reaction is strongly retarded by carbon monoxide. In all these measurements the rate of the reverse reaction, the disproportionation of carbon monoxide, is negligible compared with the rate of the forward reaction. This is shown by experiments in which carbon monoxide alone is passed over the charcoal, and by a calculation in which the equilibrium constant is assumed to be 8 atm. (Dent & Cobb 1929) .
The effect of hydrogen. The reaction is also retarded by hydrogen as shown by table 2, which is discussed in connexion with the isolation of the water-gas reaction.
(3) The water-gas reaction
The equilibrium constant [CO] [H20 ]/[C0 2] [H2] being 0-63 a t 700° C and 0*91 at 800° C (Bryant 1931), the forward and reverse reactions may take place a t com parable rates, and both have been studied. Experiments with and without charcoal show that the rate of reaction either in the gas phase or on silica is negligible com pared with the rate of reaction on the charcoal. Although the general form of the kinetics on the two charcoals is similar, the water-gas reaction depends more specifically on the charcoal than do the other reactions. On the coal charcoal in the absence of steam the rate of reaction is somewhat erratic and irreversibly reduced by previous exposure of the surface to hydrogen.
(a) The carbon monoxide-steam reaction
This reaction is studied by passing carbon monoxide and steam over the charcoal and measuring the rate of formation of carbon dioxide. The partial pressure of carbon monoxide is kept high to increase the rate of the water-gas reaction, and hydrogen is added to reduce the rate of the steam-carbon reaction. Under these conditions carbon dioxide is formed much more rapidly than without the added carbon monoxide, and can without any large error be taken as entirely due to the water-gas reaction. Further reaction of the carbon dioxide with the carbon is not appreciable in the presence of the hydrogen.
The effect of carbon monoxide and steam. The order of reaction with respect to carbon monoxide is determined by varying the partial pressure of the carbon mon oxide, the partial pressures of steam and hydrogen ^nd the total rate of flow being kept constant. Similarly, the order of reaction with respect to steam is determined by varying the partial pressure of steam, the partial pressures of carbon monoxide and hydrogen and the total rate of flow being kept constant. The results for the nut The kinetics of the reactions of the steam-carbon system and coal charcoals are shown on the left-hand sides of figures 6 and 7 respectively, where the rate of reaction is plotted against the partial pressures of carbon monoxide and steam. A close approximation to the true order is obtained, sfnce the rate of reaction is effectively the same throughout the charcoal column. The fraction of steam reacting is small, the increase in the partial pressure of hydrogen is small compared with its initial value, and the small fraction of carbon monoxide removed by the water-gas reaction is partly balanced by th at formed in the steam-carbon reaction. W ith both charcoals the reaction is nearly of the first order with respect to carbon monoxide over the pressure range 50-300 mm., and of a low fractional order with respect to steam over the pressure range 100-600 mm.
The effect of hydrogen and carbon dioxide. Various small partial pressures of each product are added separately, the rate of flow of nitrogen being changed so as to keep constant the partial pressures of the other gases and the total rate of flow. The observed rate of reaction is corrected by the addition of the rate of the reverse reaction, calculated from the former, assuming J. G adsby, C. N. H inshelw ood and K. W . Sykes rate of reverse reaction rate of forward reaction
where K is the equilibrium constant as previously defined and the partial pressures are the averages of initial and final values; the correction is about 10 %. The upper curve on the right-hand side of figure 6 gives the rate of reaction against the average partial pressure of hydrogen and shows th at the reaction on the nut charcoal is slightly retarded by hydrogen. The corresponding curve on the right-hand side of figure 7 shows that the reaction on the coal charcoal is more strongly retarded by hydrogen. The lower curve on the right-hand side of figure 6 shows th a t the reaction on the nut charcoal is slightly retarded by carbon dioxide.
(6) The carbon dioxide-hydrogen reaction This reaction is studied by passing carbon dioxide and hydrogen over the charcoal and measuring the rates of formation of steam and carbon monoxide. If the watergas reaction alone takes place, the rates of formation of steam and carbon monoxide will be equal. The carbon dioxide-carbon reaction increases the rate of formation of carbon monoxide, while the steam-carbon reaction increases the rate of formation of carbon monoxide and decreases the rate of formation of steam. The importance of these side reactions can therefore be determined by measuring the extent to which the rate of formation of carbon monoxide exceeds th at of steam. In table 2 the rates of formation of steam and carbon monoxide are recorded for various initial partial pressures of hydrogen, the partial pressure of carbon dioxide and the total rate of flow being constant. With both charcoals the excess of carbon monoxide decreases rapidly as the partial pressure of hydrogen is increased and soon becomes negligible compared with the rate of the water-gas reaction; this means th at not only the steam-carbon reaction, but also the carbon dioxide-carbon reaction is strongly retarded by hydrogen. -It is therefore possible to choose the partial pressure of hydrogen so th at the rate of reaction of carbon dioxide with hydrogen can be measured without appreciable interference. For convenience, the rate of formation of steam rather than of carbon monoxide is measured. The effect of carbon dioxide and hydrogen. Various partial pressures of each reactant are passed in turn over the charcoal in the presence of a constant partial pressure of the other reactant and a t a constant total rate of flow. Before a series of measure-•ments the surface of the charcoal is brought to a standard condition by reaction with steam. Although the fractions of carbon dioxide and hydrogen which react are small, apparent and not true orders are obtained since there is a retardation by steam. The results for the nut charcoal, which are reproducible, are shown on the left-hand side of figure 8; over the pressure range 25-500 mm. the apparent order of reaction is fractional with respect to each reactant, th at with respect to hydrogen being the lower. The left-hand side of figure 9 shows that the results for the coal charcoal are very similar.
The effect of carbon monoxide and steam. Various small partial pressures of each product are added separately, the partial pressures of the other gases and the total rate of flow being kept constant. A small correction, up to about 10 %, is made for the reverse reaction by the method previouslydescribed (equation (5)). The righthand side of figure 8, where the corrected rate of reaction is plotted against the average partial pressure of the product, shows th at the reaction on the nut charcoal is unaffected by carbon monoxide but retarded by steam. The results for the coal charcoal are presented in a different way on account of the continual change in the rate of reaction. At constant partial pressures of carbon dioxide and hydrogen, the rate is measured successively with no added products, with 6 mm. of carbon mon oxide added and with 6 mm. of steam added. The rates of reaction are plotted against time on the right-hand side of figure 9, the measurements with steam (filled circles) lying below the curve drawn through those with no added product (open circles) and those with carbon monoxide (half-filled circles). I t is concluded that the reaction on the coal charcoal is unaffected by carbon monoxide but retarded by steam. 
D i s c u s s i o n
(1) The steam-carbon and carbon dioxide-carbon reactions The rate expression. The reaction of charcoal with steam is characterized by the fractional apparent order with respect to steam and the retardation by hydrogen, and the reaction with carbon dioxide by the fractional apparent order with respect to carbon dioxide and the retardation by carbon monoxide. Both reactions lead to the formation of carbon monoxide, and it will be shown th at their rates can be represented by an expression of the form rate = 1 + k2p 2 + '
where p x and p 2 are respectively the partial pressures of steam and hydrogen for the steam reaction or of carbon dioxide and carbon monoxide for the carbon dioxide reaction.
The relation between the expression under test and the observed rate of reaction can be deduced as follows. When a steady state has been reached, the net rate at which the reactant enters any volume element is equal to the rate of reaction in the volume element. Assuming that diffusion along the direction of flow can be neglected since the rates of diffusion are shown by rough calculation to be less than 5 % of the rates of flow, the condition for the steady state may be written
where V is the total rate of flow at the temperature T of the reaction zone, dpx the increase in the partial pressure of the reactant as it passes through the volume element of length dh, the expression in brackets the rate of reaction in gram-molecules per unit time per unit mass of charcoal, A the cross-sectional area of the reaction tube and j ot he mass of charcoal per unit volume. Variations in the total rate of flow do not exceed 6 % and are neglected. The stoichiometric relation Pz = Pl + 9(P i~P (8 ) is introduced, where the superscript zero denotes the initial value, 1 for the steam reaction and g = 2 for the carbon dioxide reaction. Integrati reaction zone then gives
where x = {p\ -Pi) I P i is the fraction of the reactant which is consumed, k i k kx RTm T~( 10) and m = pAh is the total mass of charcoal present. Since 0-1 the logarithm may be expanded with neglect of powers of x greater than the second and equation (9) becomes kjx -1 +k2px + k2p2+ |#(1 + gk2px + k2p2).
For the same reason the term in \x in equation (11) will be relatively small; since reduces to xgk<p Thus under the present conditions
where p 2, the average partial pressure of the retarding product, is equal to the sum4 of fhe initial partial pressure and one-half the pressure increase in the reaction. According to equation (12) the rate expression (equation (6)) can be tested by plotting 1 /x against p 2 for various values of
The difficulty th at some of the steam also reacts in the water-gas reaction can be minimized by assuming for the calcula tion of x th a t only carbon monoxide is formed and using the observed average partial pressure of hydrogen. I t is im portant to find out if the rate of reaction is determined partly by diffusion, since then the partial pressures a t the surface will differ appreciably from those in the bulk of the gas phase and the correct rate expression for the surface reaction will not be obtained. An experimental criterion for the absence of control by diffusion is th a t the rate constants should not depend on the total rate of flow. W ith these reactions, however, there is the complicating factor th at increase in the total rate of flow will reduce the partial pressure of the retarding product. Attention is there fore confined to the carbon dioxide reaction, where, in the absence of secondary reactions, the partial pressure of the retarding product can be calculated accurately. The experimental points in figure 12 show the rate of reaction as a function of the total rate of flow for three different initial pressures of carbon dioxide. The curves, which represent adequately the observed variation, are calculated from the rate expression (equation (6)) assuming th at the constants and k3 are independent of the total rate of flow. They are arranged to be equal to the observed rates a t 1200 c.c./min. and are obtained by solving for # as a function of in the equation which follows from equations (10) and (12). I t therefore appears th at the rate of reaction is not controlled by diffusion outside the charcoal granules, and in view of the high temperature coefficient, it is unlikely th at the general form of the results is affected by diffusion inside the granules. The increase of the rate of reaction to a limiting value as carbbn dioxide or steam is passed at an increasing rate of flow over graphite or coke has been observed before, but the whole effect has been attributed to diffusion without the possibility of specific retardations being considered (Mayers 1934a (Mayers , 6, 1939 .
The steam-carbon reaction has previously been reported to be of negative order, of zero order, of the first order and of the second order with respect to steam. Although this lack of agreement may result in part from the different types of carbon and conditions of reaction used, it is largely due to the unjustified assumption that the rate of reaction is independent of the pressure of hydrogen. Key & Cobb (1930) , working with various cokes at 1000° C, found an apparent order of between the first and the second by varying the column length, and, having observed qualitatively th at the reaction was retarded by hydrogen, assumed that the true order was the first. Using the results for the rate of flow variation obtained by Brewer & Reyerson Vol. 187. A.
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(1934) with 'lignite char' in the temperature range 700-1200° C, Scott (1941) found th at the apparent order with respect to steam was close to the second, and, without mentioning the possibility th a t the reaction was retarded, assumed th at the true order was the second. The apparent order of reaction determined by this method, however, is greater than the true order, since increase in the pressure of steam is accompanied by decrease in the pressure of hydrogen. Another two investigations gave apparently conflicting results. In the first (Haslam, Hitchcock & Rudow 1923 ) the volume of steam passing in unit time (total rate of flow) was kept constant while the pressure was varied, and the order of reaction of electrode carbon in the temperature range 650-1200° C was found to be slightly less than the first, the experimental results being similar to those of figure 2. In the second (Thiele & Haslam 1927 ) the mass of steam passing in unit time was kept constant and the reactions of the same electrode carbon, of active charcoal and of graphite were found to be of zero order, while the rate of reaction of retort carbon decreased with increase of steam pressure (negative order). However, in the second investigation two opposing factors were operating, since increase in the pressure of steam was necessarily accompanied by a proportional decrease in the total rate of flow and thus an increase in the pressure of hydrogen. The rate of reaction being almost inversely proportional to the pressure of hydrogen, a reaction of the first order would appear to be of zero order and a reaction or fractional order to be of negative order under those conditions.
The most recent work on the carbon dioxide reaction is th at of Frank-Kamenetzky & Semechkova (1940) with a static system. The reactions of sugar charcoal, with and without the addition of iron and aluminium, and of coke were interpreted by means of an expression of the same form as equation (6). The effect of carbon monoxide, however, was not measured directly.
The rate expression proposed in the present paper is thus by no means incom patible with previous experimental results and provides a consistent interpretation of work under a variety of conditions with many different types of carbon.
Reaction mechanism. There are several different types of reaction mechanism which lead to the observed rate expression. In the following discussion the reactant, steam or carbon dioxide, is represented by RO, and the retarding product, hydrogen or carbon monoxide, by R, since for each reaction it is the molecule obtained by removing an atom of oxygen from the reactant; molecules chemisorbed on the carbon surface are represented by symbols enclosed in brackets.
The simplest assumptions are th at both reactant and retarding product are adsorbed as such on the carbon surface, and that the rate of reaction is proportional to the fraction of the surface covered by the reactant:
The conditions for a steady state on a surface of equivalent and independent sites, each of which can be occupied by one molecule of reactant or retarding product, are where dx and d2 are the fractions of the surface occupied by reactant and reta product respectively. The rate of reaction is given by
kiPiU -S i -0 j ) = <*, + *») 0i,
rate kbPi Jc2 4" & 15
which is of the same form as the observed rate expression (equation (6)). This mechanism can also account for the rather striking fact th at in each case the reaction of BO with carbon is retarded by B. If the adsorption of the reactant requires its dissociation so th at {BO) represents an atom of oxygen and the retarding product adsorbed on neighbouring sites, the reaction of will necessarily take place on sites which can also adsorb B.
Another scheme of general applicability is suggested by the mechanism which Frank- Kamenetzky & Semechkova (1940) proposed for the carbon dioxide reaction
C + (0 )X C0 .
The reactant is not adsorbed as such, but reacts with the carbon to give an atom of oxygen which remains on the surface and the rest of the molecule which passes into the gas phase. The retarding product may decrease the rate of reaction either by adsorption or by reaction with adsorbed oxygen atoms according to the reverse component of equation (21). If one or the other of these two distinct mechanisms of retardation predominates, a rate expression of the desired form is obtained. The conditions for a steady state on the surface are
where 6l and d2 are now the fractions of the surface occupied by oxygen atoms and retarding product respectively. If the retardation is largely due to the adsorption of the retarding product and k2 can be neglected, the rate of reaction is given by
If the retardation is largely due to reaction with adsorbed oxygen atoms (k2) and the adsorption of the retarding product (k can be is given by
In order to decide between these various possibilities, it is necessary to study the adsorption of the various gases and the temperature dependence of the constants of the rate expression. I t appears th at carbon dioxide is not adsorbed as such by carbon at high temperatures, but reacts with the surface according to equation (21) (Langmuir 1915; Broom & Travers 1932; Frank-Kamenetzky & Semechkova 1940) ; it is therefore probable th at the mechanism of the carbon dioxide reaction is th a t either of Frank-Kamenetzky & Semechkova, or of equation (26), or of equation (27) .
For steam the evidence is less plentiful, but the results of Muller & Cobb (1940) suggest th a t the whole molecule is adsorbed by carbon at high temperatures. Since hydrogen is also adsorbed by carbon a t high temperatures (Barrer 1935; Muller & Cobb 1940) , it is probable th at the mechanism of the steam reaction is th at of equations (15)-(17). More experimental work, however, must be carried out before the detailed mechanisms of these reactions can be elucidated without ambiguity.
So far as we are aware, no experimental data on the kinetics of the water-gas reaction catalysed by charcoal have previously been reported. From the results for the nut and coal charcoals taken together, it appears th at the reaction between carbon monoxide and steam is of the first order with respect to carbon monoxide, of fractional order with respect to steam, retarded by hydrogen and to a lesser extent by carbon dioxide, and th at the reaction between carbon dioxide and hydrogen is of fractional order with respect to carbon dioxide and hydrogen, retarded by steam and unaffected by carbon monoxide. Although the results leave in no doubt the substantial correctness of this general statement, it has not been possible to deter mine with certainty the exact form of the rate expressions. No simple expression is applicable and the lack of reproducibility, possibly occasioned by changes in catalytically active impurities, makes it difficult to distinguish between various types of more complicated expressions. The detailed mechanism of the reaction will therefore not be discussed and attention will be confined to a comparison of the more general features of the forward and reverse components of this reaction.
Comparison of forward and reverse reactions. The kinetics of the two components of a reversible reaction must be related so as to yield at equilibrium the correct equilibrium constant. For a number of homogeneous reactions this condition is satisfied in the simplest possible way, the rates of reaction being proportional to the stoichiometric product, and the rate constants being independent of whether or not the system is at equilibrium (for a summary, see Glasstone 1940). For heterogeneous reactions, however, the rate expressions are often complicated, and it is not easy to see at once any simple way in which the equilibrium condition can be satisfied. However, the assumption th at the rate expressions are the same whether or not the system is in equilibrium leads to a simple condition with which the results for the water-gas reaction are in complete qualitative agreement.
Consider any chemical reaction A + be represented by kxf x{a , b , c, d) and that of the reverse reaction by where a, 6, c and d are the concentrations of and D respectively. Now define the functions Fx (a, b, c, d) and F2(a, b, c, d) (a,b, c, d ) .
Since the rates of the forward and reverse reactions are equal a t equilibrium, the following may be written for the equilibrium constant:
In order th at K shall be constant under all conditions, neglecting deviations from ideal behaviour, then Fx (a,b,c,d) = ) for all values of the concentrations. Thus if the rate expressions are written in the form of the stoichiometric product divided by some function of the concentrations, the denominator will be exactly the same for both components of the reaction. If the forward reaction is of the first order with respect to there will be no term in a in the denominator and the reverse reaction will be unaffected by If the forward reaction is of a low fractional order with respect to B, there will be a large term in 6 in the denominator and the reverse reaction will be retarded by B. The evidence for the reaction on the nut charcoal is as follows. The left-hand side of figure 6 shows th at the forward reaction is of nearly the first order with respect to carbon monoxide and of a low fractional order with respect to steam; the right-hand side of figure 8 shows th at the reverse reaction is unaffected by carbon monoxide and retarded by steam. The left-hand side of figure 8 shows th at the reverse reaction is of fractional apparent order with respect to both carbon dioxide and hydrogen; the right-hand side of figure 6 shows th at the forward reaction is retarded by both carbon dioxide and hydrogen. Similar evidence for the reaction on the coal charcoal is provided by the corresponding portions of figures 7 and 9.
The physical interpretation of equation (31) for a heterogeneous reaction can readily be given. The effects of a gas on the forward and reverse reactions are neces sarily related, since they are both determined by the extent to which it is adsorbed. For example, if it is only slightly adsorbed, the reaction in which it takes part will be of the first order with respect to it and it will not retard the reverse reaction, since it does not occupy an appreciable fraction of the surface. This aspect has been discussed before (Hinshelwood 1933) , but, so far as we are aware, the experimental evidence has not previously been obtained. 
